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Chapter I 


Because of Lts widespread use as a woncenergetic neutron 
source of variable energy, nearly a11 paeses of the reaction 
ta7(p,n)Be! nave been investignted thoroughly (Gibbons and Newson, 
1960). Measurements of the value of the polarization of these 
neutrons, 1.e., the degree of systematic orientation of their 
Spins, began in 1954 (Willard, Bair, and Kington, 1994; Adair, 
Darden, and Pields, 1954). Because the cross section for this 
reaetion is large and the polarisation of the exitted neutrons 
is high, the reaction sinece has served as the nost frequently 
used source of polarized neutrons, As an example of ite use, 
Elwyn and Lene recentiy deterained the magnitude of the spin~ 
orbit interaction for neutron scattering from seven light muciei 
(2962) and Elwya et ai. for four neavy ones (1964), A source of 
neutrons wlth well defined polarization le ecasential to thie type 
ef scattering oxperinent. 

Experiments to determine the polarigation produced in 
this reeetion have been performed at proten energies from just 
above threshold at 1.601 MeV to 10 MeV. Por energies below 5 
MeV the polarization has beon obtained most extensively for 
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3 
jae et whieh emission engle the polarization 1s relatively 
high. The value of the polarization et this angle is fairly well 
known except in the region from about 3 to 4 MeV (Figure 1). In 
tiis region no extensive, high-accuracy experiments have been con- 
the polarigation st the energies neax narrow resonenees in re- 
action cross sections such as at 2.25 MeV in the Li’ (p,n)Be! ree 
attion, This indeed wes observed by Elwyn end Lene (1962), 
tbove 4 MeV the results of experiments by Boieker aod Jones 
(2960) and Benenson, Moy, and Walter (1962) ore consistent with 
the effect of the broed resonance at sbout 5 MeV. It is well 
known that the totel eress section is essentislly constant in the 
3 to 4 MeV region (Gibbons ond Newson, 1960), Because no nerrow 
vesonuntes have been observed in this region, it is to be expect~ 
@6 that large fluctuetions in the polurigation will net cccur. 
However, in the 3 to 4 MeV region the reported values of poluri- 
gation are stutisticsily inconsistent with this expeetstion. 
The sumasry of the measurements shew: in Figure 1 indlestes large 
rapid veri tions, If one considers only the Beaicker ond Jones 
(1960) velues, « slow veriction generally is observed. However, 
Gue to the lurge statistical oné system tic uncertcinties, whieh 
were quoted by these authors, the actucl aignitede of the polari- 
Setion 19 somewhot undetermined, Conclusions drewm from experi- 
mente whieh employed the ual (ps n)Be! reaction os a source of po-~ 
loriged neutrons hod te be tempered by these uncertaintles and 
discrep: neies. 
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6 
were mde st six energies in the region 3 to 4 MeV ut « revetion 
angle of §0°, A solenoid wes used te rotate the polarisation 
veeter Py of the neutron beam so that mechende.] asymmetries, 
pressure in « thin-walled eel] was used as on oemiyger. By re- 
the reeoil alphe particles, background was redueed to about § 
percent... 
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Chapter TL 


fne formal theory of polerization of nucleon beams is en« 
tircly quantum mechanical in nature and cannot be explained suse 
eessfully by semiclassical reasoning, Since a presentation of 
the theory at this level is beyond the seope of thie paper, the 
theoretical results and an explanstion of the principles eas they 
apply to the present experiment will be the prisery subjects of 
this chsupter, The reader who is interested in « detailed discun- 
gion of the general theory can consult Welton (1963) whose treat~ 
ment of the topic is general and therough. Very limited, but 
more easliy understood dlscunsions are to be found in edvanced 
muglear physies texts. (See for example Bethe and Morrison 
(1956 ] and Preston [1962 ].) 

Polarization of sucicl and nueleens refers te the orien< 
tetion in space of their spine, A beam of neutrons is polerised 
oo The Gyan bane a peeteawed Sieuetion Sn Myeee a6 agynnAd te 
Yondon ordering. Anybean cun be looked upon as being comprised 
ef a combination of two spin states which ere referred to ae aepine 
wp and apin-down with reepect to « given axis. The desrce of poe 
larigetion is defined as 
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where W refers to those neutrons with spin-up and B_ to 
these with spin-iown. 

in the ease of polerigetion in elastic scattering, whieh 
tion of the seettered neutrons can be predieted by optical model 
theory if a spin-orbit tera is added to the potential weed to 
Geseribe the intersection. There is a generel agroement between 
quantitetive results as yet have net been obteined, It is inter- 
eating te note thet “spin-orbit coupling in the shell model fe of 
to calculate polorimetions in the optical model" (Zamerien, 1963). 

Both the Incident protons and the target nuclei ore nore 
mslly unpoleriged in « reaction X(p,n)¥, Sowever, the outgoing 
neutrons ame usucdly poleriged because of the strong epin-orbit 
coupling in wuelesr reactions (Heeberli, 1963). In contrest with 
the corresponding coupling in the ease of .temte cleetrona, the 
melear epine-orbit intervetion is net cloctromagnetic in origin 
(Eleberg, 1961). The intersetion is « result of nuclear forces 
but is not well understecd, Due to spla-orbit coupling, inter« 
ference occurs between different partial weves invelved in the ree 
eetlon; polaria: tion resulite. 

in the recetion X(p,n)¥ the wegnditude of the polorigs- 
tion depends upon beth the proton energy ex the reaction «ngie 
0, (Figae 2). The degree of polerisetion ean be expressed as 
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1 
(Heeberli, 1963) he 
Pe) = CVete Iz,” A, 9, oy @ 


wuere «(®,) is the differential resetion eress section and 
»,e)) are the associates Legendre polynomials, The A, are 
upper limit on the index of sumaetion is dependent upon the larg- 
est effective value of the total sngular momentum and the inei- 
Gent and final values of the orbital angular momentua, From syn 
metry arguments it can be shown that the polarisation produeed in 
the outgoing neutron beam is perpendicular to the plane which con} 
tains the initial ané fine] somentum vectors, the so-called re« 
aetion planc. The positive direction of polerization is e matter 
of definition and in accordance with the Basel Convention (Sicn, 
1960) will be teken as 
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where the « represents the somentum vector of the particle and 
the gubseripte refer to the incident proton and outgoing neutrons. 
tion of the spin vector, one cannot measure the polarization di-+- 
rectly. The scattering of unpolarized beams is agimuthally syu-~ 
metric about the incident beam axis, but the differential cross 
section for scattering polarized neutrens depends on the agimuthel 
angle ». This property of nuclear elestic seattering can be utiq 
iiged to detect polarization in a neutron bean, 
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i2 
The sensitivity of suelear elastic scattering to the 
of tie acatterer, ‘The analysing power P, is defined properly as 
the polarisation which would result in the elastie scattering of 
an initially unpolariged bean, Its direction is 
| Ka xk'n 
ee ae (4) 
ated 
eresa scetion for the scattering of polarized neutrons is (Heeber- 
14, 1963) ; ; 
o(0. 9) = of0,) (1 +P BD. 6) 
If measurements of neutron intensitios are made at P20 (right) 
and p77 (left), from Equation (5) 1¢ follows that 


rh /t = 0+P,P/ =P, 2.) ts 


whieh directly yields 
PP, D/ ler, 7) 


Eis called the rignt-left ratic. 

Sinee in determining the polarization ome can measure 
enly the asyanetry P Po» he must know or be able to calculate 
the analysing power F,. This is one of the most critical prob- 
lems in any polarigation experiment. For most nuclei the analys~ 
ing power is still unknown, P, ean be calculated whenever the 
scattering phape shifts are known, and they are best known for 
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13 
wero nuclei, the partial wave corresponding to « given orbitel 
onguler momentua can “ave only two phase shifts, a correspond= 
ing to j */* b end 55 tof * 2 +). When clastic scattering 
ie tne only procesa involved, the phase shifts are real. In the 
(Heeberli, 1963) 3s 2 
; P, == 2imig h)/ (igi + th) @) 
Woere 

G = (1/e) E P, (oon 5) (2+ Wisin S) epht 5°) + L0in 5 emphiS,)), 


b= (1/0), PLY (oon 0) sin (55 = 55) ep 057 41 57), 


k 18 the neutron wave number, 2 is the orbital angular mosentun 
quantum number, and Pfee ©) ona * ewe) are the ordinary end 
sppocioted Legendre polynomials respectively. It sneuld be noted 
that the denominstor is just the differential cress section and 
thet this result is of the form of Equation (2). If orrora exist 
in the phase shifts, they are correlated in « complicated way in 
Equation (3). Beevuse of this it is very difficult to estinete 
the acourecy of the anclyging power determined in this manner, 
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fhe apperotus peculiay toe polerization meesurenent waleh 
Wee uged in this cuperiment wee desiened by F.O, Purser and 
=@R, Sowers of this laberstory. 


Protons were accelersted by the Duke University 4,0 ‘c¥ 
Van de Greeff electrostatic gonerator and were momentum onelysed 
by on electronagmetic filter. The resulting monoenergetic pro« 
ton beom was ineldent on « lithium target. A preeision digital 
voltmeter with « generating voltmeter wan used to deteraine the 
proton energy. This systen ie Linear over the region investignt- 
eé ond is very stable (Sollandswortn, Bueeine, and Bevington, 
1964). The Gicits1 voltmeter was calibrated several tines during 
the course of the experiment using the known tnreshold at 1.831 
MeV for the Li? (p,n)Be! reaetion, 

The lithiua taergete were prepared by evaporating lithdun 
fleuride ento tentalexn becking or "end caps". Tarcet thieknesses 
were determined by the rise curve metned (Taschek end Hemmendinger, 
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45 
1988). Tergete averoging about 80 keV to protons at the energy 
ef the particular measurement were employed, Because of the rel- 
etively lerge proton current of five aleroanmperes, 1t was neces} 
the end cep. The end caps were seaped at frequent intervals to 
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4 typiesl orrangement for oamaring polarization is sewn 
sent experiment, but this setup forms the bashes cbout wadeh our 

ia orcer to measure the asyanetry the seutrons wikeh were 
ealtted at un ongle 6, ‘vem the reaction 147 (p,n)Be! are incident 
Ou 6 Seattering sampie as shown, The detector is rotated from 
the 7-0 (right) to the ~-77 (left) position, In each po~ 
Sitios the neutron intensities ere mensureég; the asymmetry is 
determined from Equetion (7), 


PP, @-D/640, ”) 


Where “t/t Taie setied requires tact « beam moniter be 
UB6ed 86 tit the seme mamber of protone is incident on the lithe 
ius target for exch mecesurement of intensity. A current inte- 
grater ean be used for this purpose, 
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The tine fer recerding « given .mownt of dots. evn be bolve 
aPrangenent® they would be mounted at 7-0 ond Y: 7 The dee 
ever, tie efficiencies cancel completely If tue detectors are ro- 
toted ond tae rigsteleft retie is teken <o 


The subseripts fo and 2 indheste right ond left positions ond the 
mumernis erbitrorlly inideste tue detectors, 


Detectors 


tis prospror.? nis orcante selstdlloter wis seleeted because of 
ite short decoy tise, seu<museeptdbility te sxock oad relotive 
inezpensivences, In. plsetic poospner tee neutrons ore detect 
able Senne 46 Eat Sekiing GEE ay OS igus 
polly bydregen, Due te tae inotropy of toe nop 
eeatiering croze seetion for neutrons of tie energy renge lavelved 
iu todo work, tie enercies of toe reeoli proteases ore distributed 
wiiformly. Beemme the ligt outpat from tee earben resolia is 
POlctively wacll, tee carben dooce not effect toe performance of 
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the detector in tule experiment. 

fue detectors, wadeh wore 5.08 x 5.08 x 2.58 om in size, 
Were wrapped on five cides with «lusdimws foil wile seted us « 
light reflector, © 0,5 om thdek lead sslelé for «ttenuction of 
Gita. Pedletion olse surrounds the seintilister, n 8Ca 6810 
& luohte lignt pipe waten closed the otserwise open end, Tne 
purpose of « light pipe is te persit tee locetion of tee phote- 
multiplier tubs out of strey mognetic fhelds. This fourteen 
atage photomultiplier tube wos selected because of lts lore oute 
put pulee, welen is needed for fost coineidence work, The puoto- 
tubes wore surrounded by « muenetsl eylinder of 0.16 om tidekness 
and were vounted in 0.95 em tiudek «2emee iren outer cylinders to 
furtiver reduce tie effects of stray mi gnetic fields and t serve 
a8 gupperts for the tubes, Diserluda.ters permitted enly pulses 
corresponding: te 210 keVY enercy or grestex to be counted, 
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Toe Sauple wiles was exployed te scatter the agutrons dif- 
fered apprecirbly frenaauck Gleb or cylinder, Goeseous seliun 
Widen was enclosed in « stolnless steel container served as the 
ecatterer, There ere two reusons for using »eliun, It is « spine 
were ligt nucleus for wiles toe sesttering phase ahifts are relee 
tively well known. 48 previously discussed, tie analysing power 
Gon be calewicted In tnds expe, Alao, the recodi ciph« perticles 
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Stghter tune, Tile permite the use of coincidence techniques. 
Requiring « colaeidence between the pulses in the plastic ecin- 
$illstere due to tue bellucseattered neutrons and the recedl ne- 

due haliten 40h whe Gabtnead ules tee wee 
Shows (1962), It wos constructed of type 304 stoinless steel, 
O.22 ox thick, Tne celi is a cylinder with « basiesliy seai~ 
epherieal closed end (Figure 4), The interior of tie cell is 
coated with « thin layer of sluninu: upen widen a 0.1 ea layer of 
MeO ie deposited, The purpese of these layers is to reflect the 
ignt of the seliun ecintillations, Tae open end of tee cell is 
Slesed by « tempered plate clase disc and a Lucite Mght pipe 
wie: give @ windew te view toe scintillations, A Tefies O-«ring 
£e weed for & seal between toe clese and steel, 4 thin layer ef 
Gipnenyl etiibeue wes deposited on the MeO and the clees windew 
to Serve eo & wavelengt suifter, The cell wes filled with » he 
iduceaenon gee ulxture in a preportion of four atcosprere 
menon to 10¢ atasepheres of belium, 

Toe weshanien by woleh toe veldum cell detecte neutrons 
neg not been coopletely expleined (muddieeten, 1960), As it te 
presently understood, toe neutrons Lege an appreelahle exount of 
their energy to the ieliua atows, The repulting alpha particles 
lose thelr kinetic energy primerily by electromagnetic Interaction 
With the electrons of tue xenon ateas resulting im lonigation and 
emeitation of te xenon, Resowblnation end deexeitetion, with 
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23 
their associoted ligit of emission, follow, The scintillation 
pulses observed consist of a lon: lived (slow) and « snort lived 
(fast) component. Presumably recombination, wleh is « relatively 
glow process, accounts for te slow couponent observed, and deex- 
Gitation, a such faster process, accounts for the fast component. 
If the deexcitation process is one of resonance radiation, one ox- 
pects that tue resonance radiation would be recaptured and reenit- 
ed sany tines before 1t could reacn the photocathode, This would 
result in @ longer lived cosponent than is observed, Deexciteation 
of the zenen atens enuses the fest pulee, but the role played by 
resonance radiation is questionable, 

The Light emitted in the deexeltetion process sas a dif}- 
ferent band of frequencies fros thet te wider tre photecatnede is 
sensitive. The diphenyl stilbene coating is used to convert the 
frequencies of the pootons to thove of tne photecetiede sensitive 
region. 

To allow a deteruination of tue energy resolution of the 
eeli, a Po™? ajpn.e source was introduced through the Pilling line 
a@ @hown in tie figure, Helluc eel resolution is defined to be 
tee energy spread of tue peak in the pulse<velet spectruna of the 
@iphe particles at half maxbown seignt divided by tae particle 
energy. The resolution was determined te be 15 percent, 


Electronics 


Beck tine a aeutron interacts in the plastic seintillater 
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or the helium eel], @ poles is generated im the corresponding 
phototube, A blogk diagrea of the apparatus for converting these 
Signals inte sceningful data is shown in Figure 5. 
phovotua of the Nelius eR) and detcotore, ne ton anita 
ign wien. Seley Sime shtguing th emheget te chign thn GulDeD 
wuniforniy to a 10 amec width. These 10 asco pulmes are tho inputs 
eo tac fast colncldene: circuit which is a modification of one pro- 
posed by A.B. Miller (1999). Anytime @ signel eppears in a detec- 
ter eolnucident with onc froa the helium eel), @ puleo ie trens~- 
“Pathos from the fast coincidence civeult associated with that 
detector to the appropriate triple seineidenes eireuit. The dou- 
bie pulee resolving time of the fast coincidence olreult is about 
40 amee. 

Tne feet that a scintillation ie soon by the neutron gho~ 
totube coincident with ene fu the helium cell phototube does not 
trons. Gne or both of the pulece may have boon duc to a background 
acutren or a gewswa ray. When a meutron is seattercd through a epe- 
Gifie augic, the kincuatios of -leatic ceattcring requirce thet the 
neutrons traneicr a definite auount of their cacrgy te the alpha 
pertiols end retein the rempining portion. Im order to use this 
property beneRielialiy, triple colneldunce techniques arc Lacorpo- 
reted. Inpute te the tripic colmelaunes olreuit omiginated at the 
eheventh dymxice of the phototebes of elthor the helium e011 of the 
neutron detector. A Bammer 3396 amplifies the helium rece) pulece 
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Pigure 5 
Bleck Disgran of the Electronics Apparatus. 
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«Ont @ Cleorininator is triggered only by thoac pulecs corresponding 
te neutrons which ere scattered through @ certain angle or greater. 
 «ukt, three conditions must be aatinfied, The detceter pulac must 
 Serrempond to @ helium eel seintiliation, end both the newtron end 
- @lpha pulscs must be cnergetically acceptable, Amplified IMacar 
| pulecs from the helium coll, which are accompanied by a gate pulse 


| - fvom the “upper” slow coincidence eireatt, are analyzed by @ THC 


| Mage 408" mkttongancl analyzer and stercé in channels 1 - 100, 

| these fron the “lower” sireult in channels 101 - 200, This device 
| examines tye iaput pulse and records 1t in @ epeetfie channel whieh 
Gepends upon the height or onergy of the pulas. The output of the 
enalyeer le « plet of the number of pullers et @ given energy es a 
function of the energy. In erdcr to seintein a constant cheek on 
the performance of the cicetrenics ciroulte and oa target éeterior~ 
ation, RIDL 49-26. sealers were used to reeord the output ef the 

Glow coincidence cireuite and the helium coll pulses. ‘Typically, 

registersd vy the sealsra. 


Since acutron detentor offfeteneics arc Giffieult to 


fhe i, @nalyecr wee obtalocd from Teeanieasl 
Hoasurcecalt Po oo Heven, Com. 


“fae RuclicarmChlcage Cowrp, of Mcoirowe Park, 211. timna- 
facture? tiog: sealers. 
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28 
determine absolutely, 1¢ 1s necessary to interchange the detectors 
on either ide ef the bean to measure an esymetry whether one or 
“two detectors are used in the "typical errangement”, This inter- 
ehange is the weakness of the systex, The scatterer to detector 
distance qust be kept constant to aveid changing the detector ; 
Solid angle subtended by the seatterer, Because of the anisotro~ 
pies in the differential cross section, care slso wust be taken 
te place the detectors at toe same angle on both sides of the 
bean, If the proper radial distance ané angle are not sainteined, 
false asyzmctries are introduced Inte the neasured quantity, 

A metoed to eliminate these fslee asymmetries first was 
proposed and enployed by Millewn, Stafford and Waitenesd (1956), 
fhe method utilizes the rotation of tne polarization vector of 
the neutron beam P, through 90° by the Laruour precession of the 
Pees The, in 6 WASTES EEgERSS field produced by a sole~- 
neié, With the proper field F, ts rotated 90° ebout the bean 
amie into the plane perpendicular to tue first reaction plane, 
The second renction plane is now vertices] ani perpemiiculer te the 
firet plane, and the detectors are fixed in this plane. A mea« 
Surement of intensity is then taken in cach detector. By revers- 
ing the field tne polarization veetor can be rotated 190° rela- 
tive to the vweetor direction in whieh the first seasurenent was 
taken. Thies is entirely equivalent to moving the detector to the 
Opposite side of the incident bean, The “right-left" ratio, 
Equetion (9) vecones 
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where the subscripts u and ¢ refer to tne up and down detectors 
and p ond g to the field direetions parallel ané antiparallel to 
@nter into the experiment, and detector efficiencies cancel, In 
fact, no bean monitor is necessary because only relative counting 
yates are measured wien the date are analyzed in trie manner, 
fnie method also peraits wore frequent “interchange” of the ce« 
teetors than is practical with 2 paysieal interchange. This =in« 
imigses tac effect of long tern electronics drifts. 

fhe Laruour frequency of precession of the neutron saegne- 
tic moment is | 
v = 94, 4/h ops (11) 


were g ip the nuclear ¢ factor, // is the nuclear magneton, 9 is 
the mignetic field, and & 1s Planck's constant, If the neutron 

velocity is ¥ (en/sec) and the path length of tae neutron in the 
magnetic field is 2, tie fleld required to retate the magnetic 

mqnent through 90° te 


H = Vh/ Gey, 5) ° (12 
Ef the field is that due te an infinitely long solenoid one requires 
Se ee 03) 


when the neutron energy F,, ie measured in MeV, 

The solenold wile was ueed in the present experiment is 
& eoculer, alr~core telenoid with tape wound cohis whieh are as 
ed by direet water contact with the | edges of the copper tape.” 


"ene solenoid was constructed by Magnien, Ine. of Canbridge, 
Mase. and ie a swodification of thelr Plaswaflux sodel. 
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3 
It bas a 5.72 on diameter core, The solenoid is composed of 
three modules enclosed in an Armco iron box on five sides. A 
0.95 em thiek slab covers the top waereas the ends have a 3.15 em 
teiek cover. The bottom of the soleneld is open to provide space 
ing power supply--a 35 kilowatt, 325 aspere generator-<tie waxi- 
mam central field strength is 7.9 kilegauss, 

Although the use of the solenoid ¢licinates tue aferne 
mentioned mpchanieal asymretrics, asysmetries caused by tue re- 
vergal of the magnetic ficld cquld be introduced, The fringing 
field sight save an effect on the photetubes. Tols effect was 
mininiged as discussed in tie section on detectors, Algo the 
proton bean wight be deflected and caused to bit different pore 
tions of the lithiun tarcet, resulting in a different target 
thickness for various soleseld currents. The field was corefully 
measured and the fringing ficld was determined to be less than 
one gauss in the vicinity of the phetetubes and proten beam, This 
hap @ negligible effect on the proten beam, Because of the 
Shielding expleyed, « field of tuis magnitude nas no effect on 
tie phototubes, Figure 6 lixifeates the physical configuration of 
the solenoid and tue field preduced by it. 


Suseary of tue Method 


All teuis may be better understood if it is tied together 
in a brief sucmery with a figure showing the ectual apparetus 
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Ficure 6 


Physieal frrangement of the Solenoid and Its Performance 
in Creating a Uniform Longitudinal Field, 
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i (Figure 7). Saving been aceclerated by the Van de Graff genera-— 
tor, the protons were ineddent on lithium target. Those neu~ 
trons wate eserged at a reaction angle of 50° relative to tne 
plane perpendicular to the first reaction plane by a longitudinal 
magnetic field produced with @ solenoid. The neutrons were incle 
Gent on a helium ¢¢l1. Those woleh were seattered through an 
 Bngle 6, were detected by a pair of plastic seintillaters, For 
this work 6, was 100° or 120° depending upon waleh gave the create 
er value for Py at # particular neutron energy. Pulses caused by 
neutrons which were of the proper energy and whileh were coineie 
Gent with neliux recoile of tre requisite enerey were counted on 
eealers end were resolved by 2 nultighanne] pulse«height analyser, 
The asyeuctry was computed from Equations (7) and (10). 
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Picore 7 
Actual aArraencenent Used to Meamme 
tne Polarigation of Heutrons 
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Analyging the date was essentially a two-step process, 
The average value of the analyzing power of helium F,(8_, 9.) nad 
to be determined for toe various neutron energies and analyzing 
angles, end tie truce value of the asyametry bed to be establisned 


Saleulation of Fr, 


F{%,. 02) ciffers frou P, (fy, 6,) beemime of the geon- 
etry involved. Due to the finite siges of the scatterer and de- 
tectors, effects much as suitipie seattering and selid angles 
oust be considered, It was assumed fer tue initial calculations 
that ne multiple seettering of neutroas cocurred in the helium 
cell or in the plastic detectors. F, is a function of the effi- 
Gieney of tie neutron detectors n (E,), the differential seatter- 
ing eress seetion for neutrons en heldum 0/6 oe the analyzing 
power of helium Pp(E., 6, ), and a geonetric factor f(¢.). 

FolEys 9.) ando(6,) were deternined from relations in- 
Gieated in the previous chapter. In these ealeulations the phase 
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37 
shifte of Dodder and Gammel, quoted by Seagrave (1953) were used. 
. fhe relative effielency of the plastic scintiliators is 
given by (Swarts and Gwen, 1960) 

o£.) > aon ttl -o/a (14) 


where n,, is the nusber of iydregen atons per em” of seintiliator, 
o, is the neutron-proten seattering crese section, | is the 
length of the scintillator, 29,7, %% 7  , ny is the number 
ef garvon atoms per co of seintiliater, and 6c the neutren-ear~ 
bon cress section, The true efficiency for a biased detector can 
ve caleulated from 


MtE,) = = 8/E de, (15) 


where B is the blas energy. Those efficlency curves wihen were 
determined for this experiment are shown in Figure 6, 

Tae geometric factor sext was computed. fo inmplesent 
this the detectors were regarded ae plene surfaces, and the he~ 
lium eell and detectors were divided into elght sections (Figure 
9). ‘The probability of scattering from cell gone “4” inte de- 
teeter zone “3” is 

.* k waren (i) x volume (i) x emp (o2,/2.0/ 1, « (18) 
From cell seguent *1" to detector segnent "J" the distance is 
Bqys the path length in the cell before reaching volume (1) is 
Lys X is the mean free pathy k ie a constant. Tne seatterer 
to detector distance was 17.4 om so that Py, W88 approximately a 
constant, — 
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Figure 8 
R&ficiency of tie Plastic Seintiliater. 
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Figure 9 
Geometry Involved in the Computation of F.. 
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fj © &Y x volume (i) x exp (~2./)). (7) 


the neutrons seattered from cell gone "4" heve en equal probabli- 

ity on 2 geometric basis of going into any detector sone, A his- 

tesrm: was constructed shewlng tue geometric probebliilty for a 

neutron's scattering turough: Og as a funetion of 62 , and a 

auooth curve wae drewn torougs 1t. Values of the ccomtric face 

tor were then detersined frou the sueeth curve. 

Having determined these quantities, BP, was evaluated frou 

a FeAl YG) ” 
2 2G, Vien) 1) 


Multiple eeattcering in the plastic selatiilaters was eon 
Gidered because ite effect is to inerease the efficlensy nonlin« 
early waieh in turn influences Be Tae totel light output pro- 
duced by & neutron interaction in the ecintillater is inereased 
Wnen a neutren is doubly scattered from protens, This is partic~ 
ularly important wien « blas is used beeauge some seintiliations 
whieh otherwise mignt be blesed out ony be raised above the bias 
energy. To cetermine whether cerrectionse for multiple seattering 
were required, FP, was computed at 6 »* 100° and 120° for three 
efficiency conditions. Tse efficiency was determined for the two 
bias conditions woien were uped in the experiment, B“~ 165 kev 
and G&G ~ 250 keVy thirdly, tue efficiency was teken to be unity. 


tei EE ca dtnpine saline 


mite gaaamataestiagaeed sot cquee? omath eee ern + 
%,  eeiteee staan 2st cant beaiiteeteh eect ommt 
see etter vo x9 recrneycaploaniaammalbamnans 


a 
= 


satiaed yotibtettio ord vtermai of at sete atl causes besehde 


sony tugtve Sight Iaded oct ..T coonentiad cunt of atom ye a, 


Uieenait ak Sennctbintos ont ai enttooustat aandiici we teal 
eaktusg of she? aned@uy nét'l boredsane Lidven o2 ogsduon 3 an 


Qnettslitsiies euen vauses beau ot Badd & oorw gacdtoqad yhenke 


ead oi? evedea benket od Yom two begadd od tigin eglwiende dokdey - 


oom wt “Ost tas “GOL. © ds boduqoes ae FT yherbupes otow 
Gwe otf wel Heniarieded sew Yooeetaltie «aT .anaksioows yenetaltte 
Vout 205 “& .Semabweqes ov al tows obee Codie ecotdibues said 
seeley 06 of wate? ane YusokektIm ocd yxliectcd § {Vod O86 © & bee 


a3 
| «Ef F, 20 not @ rapidly varying function of effieieney toore is no 
F, for these taree cases wan thst tue wexinun difference in B, at 
aay particular energy wae 1 part in 190, Sines F, is net known 
te this eeouracy, it was net deewed wertimndie to correct for cle 
tiple seattering is toe detectors. 
i eS oe ee ee 
| apgunption thet all the first eeatterings took place at the een 
ter of @ spnerics] ¢¢]1 was wade, When toe ettenuation of tae 
neutron flux toreugn tie eeatterer is aot large, sue am in tne 
present cage, this exgucpiiosn is reagonewle., Toe ¢ell was divid~« 
St firet was deterained wwtier toese soutrons wale: were seate 
tered from tue eenter inte « civen bin and then seattered a se~ 
eend tine inte toe detector would satiefy toe seldun ell aad 
deteetor energy requiresents, Woen tae Pequlreaents were aatis~ 
fheé, an effective value of P, wes computed for seutrons multiply 
aeattered fron tre particular bin, The corrected value of F, was 
¥, “ ,°% EPA - = *) (1?) 


waere P,, io the value of F computed anauning only single aeste 
tering eccurred, ie Se tie value of P, for neutrons sultiply 
scattered fron gone "i" (APPENDIX), w, is the ratio of tie aul 
tiple sesattered seutroc Intensity from sone “1" te the eiugie 
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Abs 
seattered intensity. The results of these computations corre- 
sponding te H, = 3.4 MeV for the specific case discussed in the 
appendix are shown in Table 1, Tho maximum effect of multiple 
seattering 1s to lower F, by less than 0,002 widle the minimum 
effect is to reduce this value by less than 0.001, Since this 
correction is negligible compared te the value of PF, whieh aver- 
aged about 0.55, the caleulation was not pursued further, No 
other corrections were determined for the value of F.,. 


Values of the neagured asymmetry ned to be corrected for 
Were Geli-scattered chance and floor-seattered chance, The sum of 
these two sources was acasured by a Type I measurement whieh con- 
sisted of inserting 2 70 neec delay line in the cable from the he-« 
lium celi to the fast -vineidence etrevit. Beeause the reeolving 
time of the cireuit is about 10 neec, this had the effect of put- 
ting the true counte out of coincidence, and only random counts 
would be recorded. Direct nowtron counts were eliminated by 
bleecking the core of the solenoid with peraffin plugs in a Type It 
aagurencnt. This yielded the mo of floor-seattered normal and 
fliser-seattered chance. The 70 neec delay was inserted azain with 
the plugs in place (Type III) to measure the floor-seattered chance 
counts slone. Other background sources were considered in a Type 
IV mersurement with « blenmk Te end cap in place. The total back~ 
grounc to be subtracted isa 
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Helium . | 
Zone —- Detector Celi rx 10° et 
Req. Sat Reg, Sat 

i yes yes 6.124 o. 
5 Les yes Orie 0:33 
yes yes 0.150 0.53 
Z yes yeu 0.142 0.55 
i yee yes 0,120 0.55 
yes yes 0.120 0.55 

gee Fee 0.163 o 
oe a ee ee 
12 yes yes 0.126 0.35 
yes yes ww 

2 yes yes 6.115 o. 
ay yee yes 0.355 0,45 
yes yes 0.120 0.15 
ig yes yen 0.070 0.55 
20 yes yes 0.076 0,55 
21 yee you 6.016 0,80 
22 yes yes en 0,80 
23 yes yee 0.056 0.66 
yes yes 0.056 6.60 
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BEGND - Type 1+ Type It + Type ILL + Type Iv. 

The average value of the total background was 5.5 percent, and 
the highest value was only 7.5 percent at EB, = 3.0 eV with 
6,= 120° , Total background consisted of approximately equal 
eoutributions froa Type I and Type Il with other sources being 
almost negligible. The polarization of the backgrowul was con- 
Gistent with zero, 

In most cases the resolving power was not sufficient to 
separate completely the neutrons which leave Be in tne ground 
state from those woieh leave 1t in the first exelted state (Fig- 
wre 10). Sinee the purpose of this work wes to measure the po- 
able. To climinate the effect of the first-oxncited-state group, 
whieh comprise about 15 percent of the flux, a plot of the aayu~ 
metry ae a function of the lower cuteff cheanne] in the integrated 
Pulse~-height spectrum was made. The first-exeited-state group 
has less energy than the ground-state group of neutrons so thet 
as the lower cutoff channel is raised, the firet-cxcited-state 
group should bo eliminated. Because this group is know to have 
@ low polarigetion, one expects that the asyauetry would rise and 
then level off as these neutrons ere eliminated (Figure 11). Only 
the channels which excluded this group were included in the detere 
ination of tie values of P Pos The value of the plateaus in the 
figure were taken to be the asymmetry for the ground-state group. 

The experimental and calculated results are presented in 
Table 2. In this table the spread of proton energies is indicated 
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52 
by the target trickness-—the energy loss of protons of energy 
B, in passing through the Li, Here, B, is the everage proton 
energy for the measurement. The values of P,P, have been core 
group of neutrons. 
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Figure 12 along with tne results ef previous experimenters for — 
tage of conparison, A sugethiy varying and genereliy increasing 
value of polorigetion es the energy increases is indleated by the 
results, GQuBliteativeliy the eeweth varistion sgrevs with tuet 
Waleh would be expeeted siaer there are no marrow resonances in 
the reeetion cross section in thie region, 

The wworteinties walen ere quoted are the stendard de- 
Viations sascelated with the counting stetietieos only caeept at 
the 3.0 MeV point, Here the uncertainty quoted ie greater then 
ie Of uoesurcments wore aade of the asymmetry. First the asya- 
metry wae determined with on enelyzing angle of 100", then at 
120", and thirdly agsin at 100°, the associated polarization of 
the neutrons 7, for tne latter two serivs agreed quite well. Howe 
ever, tne Value of the sayaoetry meawared in the first serice ct 
100” Giffered from that of the third serice at 100° by 0.03 oven 
thougn the individual sqasurenente were made te « statistical ae- 
ourney of shout 0,01. Tae ressen for thie deviation is not clear 
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Figure 12 
Polarigation of Region 
Be 3.0 t0 8.0 MeV, | 
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%% 
and may be statistical in asture. To account for the possibility 
that the differcace may be Gus te an unknown beekground or in- 
quoted error for the 100° measurement bas beon doubled. At the 
other energies wnere P, was determined at both @, = 100° end 120°, 

fhe quoted statistics] crrere were arrived at by the uBe 
of the expression (Orear, 1956) 


where P,P, ie the measured asyamwtry and tae I's are the latenei- 
ties which have been corrected for background, The subseripts 
nave tho same meaning ae in “quetion (10). Thies sasumce tast the 
intensitics are Poisson distrimted which le quite realistic since 
the protability of on event is both gmail snd sengstant. 

A ecoml source of crrer is that asseciated witn F,. It 
nas been eetimated by Bacterli (1963) that the caleuleted valucs 


of ?. are known to within ton percent of the correct value. The 
reeent nessuremente of May, Yalter, and Barschall (1903) ehow tiat 
thie percentage wey be @ centervative ostiaat: for the present 
ueutron cnergice. 4h indlestion thet thie seurce of «rror may be 


| shake cork aed Semerricaniss UML 909 9 eEED 80 
‘sah eanebabnvguhant sieadasast 
| 4 Pree mr oe poongempny dente 


thee dn 0:5 ot ban perce brumena at a8 gy 
eigbicedue ont stnaiongived wh bodewuse ond owas sedée | 
edd Sent eomveae oi Na alicia os ts wines cas 
SORE OLIALEOML edkup Ui Voth oosiAdtiMLy weuatot ous arti bonsde 
: ~tnedenee bee Liane ated at mmere am Ve qetiidedomy ont 
a og! dtm botadmonwe Sedd &L eww te oruNEs DABEE A 
feutav medetumine. oid sutt (E021) Ltescenti wt Gedandiee mod wad 
om .eulav SorviMe on! Io Smoteg Hed KEN Of me oe Se 
saad wera (C00L} Liarorisl Gas peesioe yak te tenn omEEE SOE 
Sassen od 26% otendien evicemcance 6 w gan cpadeeory atdd 
a¢ (am tom Bo soaued atot gawd soiigulant a .eodgaeen Gottuss 


be 


”, 
a 


ST 
sualler in the present experiaent is the consistent value of P, 
determined at both 9,- 120° and 100° at the 3.4 MeV point, Mea- 
Sipansahe of thn vitae of By ewe penne’ in the mer Seine a 
_ this laboratory. At that time the uncertainty in P, can be eval~ 
uated more definitely. In the uncertainties quoted for P, in 
Table @, page Sl, the uncertainty la P, has been neglected, 
methed is limited both below proten energy 3 MeV and above 4 MeV, 
The upper boundary is caused by the design of the Van de Graff 
generator. The lower limitation is due to the low intensity of 
the scintillations ia the helium ecll. At the apsoclated neutron 
eee 
background pulses produced by phototube noise and gamma radiation. 
ae the energy is lowered further, one can no longer be certain 
counted. 

As seen in the figure the trend of the experimental points 
agrees with the trend whieh Baleker and Jones (1960) observed, but 
specific values of the two experiments are sometimes quite diver- 
gent, At 4.0 MeV the repults agree very well with Cranberg (1959) 
and Benenson et 21. (1962). The resulta of Benenson et al. have 
been correeted by the author of the present paper for the effects 
of the first excited state group using the relative intensities of 
the two groups as reported by Bevington, Roliand, and Lewis (1961). 
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Ag the energy is decreaped, there is & general agrewent until 
the 3.2 MeV point is reached with the exeeption of the Granberg 
(1959) point at 3.48 MeV which is considerably higher than the 
overall trend, In — hie date, Granberg used the values 
of polerization for nee” scattering calculated by Leviateyv, 
Shamahey, and Miller (1957). Although an incorrect phase abift 
wes used in their calculation, it had little effect on P, at tae 
energies of Cranoursg's experiment. Correcting Cranberg's valuc 
for tke effect of thie crrer does not bring it inte agrecment 
With the present resulte. At 3.0 ond 5.2 MoV the reaulte are low- 
ef Gnd higher respectively tram the consensus of the previous 
work. However the pointe agree well wita tue pattern ef Striebel, 
Barden, end Haeberii‘s (1996) work below 3.0 MeV and foliow the 
trend of Slowly varying values which was oxpweted, Uvaluation 
of the new data relative to those of Baleker and Jones (1960) and 
Striebel ot ai. (1953) should be tempercd not only by the statia- 
tical uncerteintice but also by the fact that these experiment 
were operating with a background of about SO percent whereas co- 
ingicenss teehniquee redueed the present beckground te about 5 
percent. 

Zt is to be noted taat all of the above experimenters vecd 
tie” ap an analyser execpt Elwyn and Lane (1902) and Striebel, ot 
Gi. wio used O°. Thus the deviation betweon individual points, 
waien 16 noted, cannot be attributed to uncertainties in the valuc 
of P,. 


In conclusion, because the polerLestien ef the acutrons 
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be) 
ie bigh and the cross section for the resection is large, the 
147 (p,n)ze" reaction 1s useful as @ souree of polarized neutrons, 
fhe ragaitude of the polarization of neutrons emitted at an angle 
of 50° relative to the proton bean axis in the reaction for the 
region of proton energics 3 to 4 MeV 1s now known with relatively 
high securacy. As would be expected by the lack of resonance 
gion, the polarisation varies emcothly, Because these facta are 
now well known, the reaction is much were useful as a source of 
polarised neutrons at proten energies up to 48 MeV, Above this 
energy the neutrons are lees useful because of the difficulty of 
the polarizetion of the neutrons, 


Ppa preeo gt tha fe) (> Gal 


air oom | | Be a ee en ae 


WRIA O’ wes? me Re Peay 56g ws ih 
ei ee i ee ’ ‘ bot ag 


Wp bi. 3a J 


5 ek! — oz 


af 


Sieh Matter me Vo o.. aad. oat "ana se sated | 
a 


— a 


© | 


| mimouten er aariapen. ata 


voy 0 One ee 
senna s oem a 
ARN a a 
uy ae ie 
Lm : a ‘5 , or 


eh 


PBST Shey 4) Tikg suaae “A 
. rN @ ie 4 


z ie ee 
ee ed rat eBoy hs C, 


lated because to de so requires a knowledge of the triple scatter~ 
ing peremeters whieh are generally unknown. In the present work 
two of these parameters are applicable. The depolarization par- 
ameter D is related to the component of the polariection vector of 
the scattered neutron whieh is nermal to the second scattering 
plase after the aceond scattering. This component will be called 
the BD component. The rotation paraucter A is a function of the 
magnitude of the polarization vector perpendicular to both the 
weeter describing the second scattering plane and the momentum 
veetor of the neutron after this scattering, This conpenent will 
be referred to ap the Kk oomponent. 

For the cage in which the second seattering in the holium 
eli ie in @ plane parallel to tne second scattering plane, the 
D component of the polarization is effective. The agymectry is 
given by (Wolfenstein, 1954) 

&, = Pa(P, BP )/ (i +P Py (22) 


where P, is the polarization associated with the third scattering, 
P, with the second, and P, with the neutron producing reaction. 
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62 
Because ia the case of scattering from spinezero nuclei the mage 
Bitude ef the polarization parallel to i, is not changed, the de~ 
polarization parameter D is unity (Wolfenstein, 1994), For this 
ane Equation (22) becomes | | 
®, * goth / {i +P?) * (23) 


The effective analyzing power for a neutron multiply scattered in 
| thie plane is 
M=a,/P, - (24) 


If the second seattering in the heliwa cell is in a plane 
normal to ay x k',, the asymuetry is (Wolfenstein, 195%) 

e, = #, (04) pe (25) 
where Onis the angle described by k', and k", whieh are the mo- 
mentua vectors of the singly scattered and multiply seattered neue 
trons reapectively. Beeause of the difficulty of the computations 
required to evaluate the — parameter for 211 angies, it was not 
effects of mitiplie scattering whieh correspond to the limiting 
Values of BR, ~ 1 anti +1 respectively, were determined. Table i, 
page 45, shows the values of P' when BR is +1. Further and much 
more detailed work on multiple eeattering will be done in the near 
future in conjunction with the sane experiment referred te on page 
57. The effective anslyzing power ageln is <iven by Equation (24) 
with the asymaetry given by Equation (25). 
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The correction to F, was determined by dividing the cell 
Tisdisiatesiiiaiiy Vann ar. eenaey Wath in eae ot a 
in a plane either parallel or perpendievlar to the second seatter- 
ing plane. It wes esouned thet 211 the muitiple seatterings in a 
‘given bin took place at the conter of the bin, Having determined 
P', the correction to F, was couputed as deseribed in Chapter III. 
The corrections determined in this manner were of such low magni- 
tude (page 44) that more detailed ealeulations were deemed unneces~ 
gary ot this tine. 
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